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ABSTRACT
Binary supermassive black holes (BSBHs) are expected to be a generic byproduct
from hierarchical galaxy formation. The final coalescence of BSBHs is thought to be
the loudest gravitational wave (GW) siren in the universe, yet no confirmed BSBH is
known in the GW-dominated regime. While periodic quasars have been proposed as
BSBH candidates, the physical origin of the periodicity has been largely uncertain.
Here we report discovery of a periodicity (P=1607±7 days) at 99.95% significance
in the optical light curves of a quasar at redshift z=1.53, SDSS J025214.67−002813.7.
Combining archival Sloan Digital Sky Survey data with new, high signal to noise imag-
ing from the Dark Energy Survey, the total ∼20-yr time baseline spans ∼4.6 cycles of
the observed 4.4-yr (restframe 1.7-yr) periodicity. The light curves are best charac-
terized by a bursty model predicted by hydrodynamic simulations of circumbinary
accretion disks. The periodicity is likely caused by accretion rate variability periodi-
cally modulated by a milli-parsec BSBH emitting gravitational waves while still being
dynamically coupled to the circumbinary accretion disk. A characteristic bursty hy-
drodynamic variability model is statistically preferred over a smooth, sinusoidal model
expected from relativistic Doppler boost, a kinematic effect proposed for PG1302−102.
Furthermore, the frequency dependence of the variability amplitudes disfavors Doppler
boost as the dominant mechanism, lending independent support to the circumbinary
accretion variability hypothesis. Given our detection rate of one BSBH candidate from
circumbinary accretion variability out of 625 quasars, it suggests that future large, sen-
sitive synoptic surveys such as the Legacy Survey of Space and Time at Vera C. Rubin
Observatory may be able to detect hundreds to thousands of candidate BSBHs from
circumbinary accretion variability with direct implications for Laser Interferometer
Space Antenna.
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1 INTRODUCTION
LIGO has detected gravitational waves (GWs) from stellar-
mass binary black hole mergers (Abbott et al. 2016), yet
© 2020 The Authors
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many GW sources are expected outside the LIGO frequency
(Sesana 2017; Schutz 2018). A binary supermassive black
hole (BSBH) consists of two black holes, each with a mass
of ∼ 106–109 M. BSBHs are expected to frequently form
in galaxy mergers (Begelman et al. 1980; Haehnelt & Kauff-
mann 2002; Volonteri et al. 2003), given that most massive
galaxies harbor SMBHs (Kormendy & Richstone 1995; Fer-
rarese & Ford 2005). Their final coalescences should produce
the loudest GW sirens in the universe (Thorne & Braginskii
1976; Haehnelt 1994; Vecchio 1997; Jaffe & Backer 2003),
which will be the primary source of low-frequency GW ex-
periments (Amaro-Seoane et al. 2017; Arzoumanian et al.
2018a; Sesana et al. 2018). BSBHs are important for test-
ing general relativity in the strong field regime and for the
studies of galaxy evolution and cosmology (Centrella et al.
2010; Merritt 2013; Colpi 2014; Berti et al. 2015).
However, no confirmed case is known at sub-milliparsec
scales, i.e., separations close enough to be in the GW-
dominated regime. While ∼150 periodic quasars have been
suggested as close BSBH candidates (e.g., Valtonen et al.
2008; Graham et al. 2015; Charisi et al. 2016; Liu et al. 2019;
Zhu & Thrane 2020), even the most promising candidates
are subject to false positives due to quasar’s stochastic, red
noise variability, given the limited time baseline and rela-
tively low sensitivity of existing surveys (e.g., see Vaughan
et al. 2016 for evidence against any significant periodicity in
PG 1302−102 and Goyal et al. 2018 in the case of OJ 287).
The study of periodic quasars is important to the searches
for close BSBHs in order to test theories of BSBH evolu-
tion to shed light on the expected rate of BSBH mergers as
GW sources. The study is also important for understand-
ing the physical origin of quasar periodicity, which is largely
unknown.
Circumbinary accretion disks are generally expected
around close BSBHs at the inferred binary separations of
the candidate periodic quasars. Theory suggests that hydro-
dynamic variability in the circumbinary accretion disks may
cause periodic light curves due to accretion rate modula-
tion from the binary torque (e.g., Farris et al. 2014; Gold
et al. 2014b; Shi & Krolik 2015; Duffell et al. 2019). This
should be useful for finding BSBHs that are close enough to
be emitting gravitational waves. However, no evidence has
been found for the generic “sawtooth” pattern (i.e., with a
sharp rise and a gradual decay, in contrast to a more smooth,
sinusoidal modulation expected from Doppler beaming (e.g.,
D’Orazio et al. 2015a; Duffell et al. 2019), largely limited by
the relatively low sensitivity of previous surveys.
In this paper, we present a significant periodicity discov-
ered in the optical light curves of a redshift z=1.53 quasar,
SDSS J025214.67−002813.7 (hereafter J0252 for short). Our
systematic search combines new, highly sensitive light curves
from the Dark Energy Survey (Dark Energy Survey Collab-
oration et al. 2016) Supernova (DES-SN) fields (2012–2019;
Bernstein et al. 2012; Goldstein et al. 2015; Kessler et al.
2015; Tie et al. 2017) with archival data from the SDSS
Stripe 82 (S82) survey (1998–2007; Ivezic´ et al. 2007). Un-
like previous studies, which were based on few-cycle (e.g.,
∼1.5) searches given the limited time baselines, the period-
icity of J0252 was discovered based on ∼5 cycles enabled by
a ∼20-yr long baseline. The long baseline and high sensitiv-
ity are instrumental in rejecting false positives and recov-
ering false negatives caused by stochastic quasar variability
(e.g., Vaughan et al. 2016). Furthermore, we show that the
distinct “sawtooth” pattern (expected from hydrodynamic
circumbinary accretion disk variability models) is favored
over a smoother, sinusoidal expected from Doppler beaming
(e.g., D’Orazio et al. 2015a; Duffell et al. 2019). In addi-
tion, the frequency dependence of the variability amplitudes
disfavors Doppler beaming, lending further support to the
circumbinary accretion model.
The paper is organized as follows. §2 describes the data
and methods. §3 presents our results on the detection of
a significant periodicity in J0252 and its relevant physical
properties. We discuss the implications of our results in §4
and conclude in §5. A concordance ΛCDM cosmology with
Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1 is assumed
throughout. We use the AB magnitude system (Oke 1974)
unless otherwise noted.
2 DATA AND METHODS
2.1 Sample Selection
We start with 763 spectroscopically confirmed quasars in the
4.6 deg2 overlapping region between the SDSS Stripe 82 sur-
vey and the DES-SN fields (S1 and S2). They include 758
objects in the SDSS DR7/DR14 quasar catalogs (Schneider
et al. 2007; Paˆris et al. 2018) and/or the OzDES quasar
catalog (Tie et al. 2017; Childress et al. 2017), as well as
5 objects supplemented from the Million Quasars Catalog
(Flesch 2015) (v5.5, 14 November 2018). We focus on spec-
troscopically confirmed quasars to ensure a clean sample in
this pilot study. Only point sources are included in the anal-
ysis to avoid systematics from host galaxy contamination.
We request that the DES flag SPREAD MODEL <0.005,
i.e., the difference between the source point spread function
(PSF) and the local PSF model is smaller than 0.5%, or the
source PSF is smaller than the local model PSF. We further
require that a quasar has at least 30 >3σ SDSS epochs and
50 DES epochs in at least two bands. The final parent sample
consists of 625 quasars. They have a median spectroscopic
redshift of ∼1.8 and a median average i-band PSF magni-
tude of 21.0 mag (AB). The median epoch of observations
is 80 from the SDSS and 135 from the DES.
2.2 Light Curve Data
We combine archival light curves from the SDSS Stripe 82
survey with new observations from the DES-SN fields (de-
scribed in detail below). The time baseline of the combined
light curves extends ∼20 yr (1998–2007 from SDSS Stripe 82
and 2012–2019 from DES-SN). For a typical quasar at z ∼1,
the time baseline spans ∼ 10 yr in the quasar rest-frame to
encompass &5 cycles for a period of .2 yr, which is the rec-
ommended number of cycles to minimize false periodicity
(Vaughan et al. 2016). We have rejected > 5σ outliers from
the running median in each band. We have binned the data
within the same Julian date for a better S/N. We quote AB
magnitudes throughout unless otherwise noted.
The DES is a wide-area 5000 deg2 survey of the South-
ern Hemisphere in the grizY bands (Flaugher 2005; The
Dark Energy Survey Collaboration 2005; Dark Energy Sur-
vey Collaboration et al. 2016). It uses the Dark Energy Cam-
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era (Flaugher et al. 2015; Bernstein et al. 2017) with a 2.2
degree diameter field of view mounted at the prime focus
of the Victor M. Blanco 4m telescope on Cerro Tololo in
Chile. The typical single-epoch 5σ point source depths (Ab-
bott et al. 2018) are g=24.3, r=24.1, i=23.5, z=22.9, and
Y=21.4, much deeper than other surveys of larger area (e.g.,
SDSS and PanSTARRS1). The data quality varies due to
seeing and weather variations. The DES absolute photomet-
ric calibration has been tied to the spectrophotometric Hub-
ble CALSPEC standard star C26202 and has been placed
on the AB system (Oke & Gunn 1983), with an estimated
single-epoch photometric statistical precision of 7.3, 6.1, 5.9,
7.3, 7.8 mmag in grizY bands (Abbott et al. 2018). The DES
contains a 30 deg2 multi-epoch survey (DES-SN) to search
for SNe Ia that has a mean cadence of ∼7 days in the griz
bands. Two of the ten DES-SN fields (S1 and S2) are over-
lapped with the SDSS Stripe 82 (with an overlapping area of
4.6 deg2). We adopt light curves generated from the Y6A1
Gold data (Morganson et al. 2018). We have also included
the Science Verification data to maximize the time baseline.
The SDSS equatorial Stripe 82 region was observed from
September 1998 to December 2007 with ∼70–90 total epochs
of images in the ugriz bands obtained in yearly “seasons”
about 2–3 months long (Adelman-McCarthy et al. 2007;
Ivezic´ et al. 2007; Frieman et al. 2008). The typical sin-
gle epoch 5σ point source depths are 22.2, 22.2, 21.3, and
20.5 in the griz bands (Adelman-McCarthy et al. 2007). The
photometric calibration over the survey area is accurate to
roughly 0.02 mag in the gri bands, and 0.03 mag in the uz
bands (Ivezic´ et al. 2004). All SDSS magnitudes have been
calibrated to be nearly on the AB system (Abazajian et al.
2009).
To stitch together the light curves for each quasar, we
apply the appropriate corrections to convert the SDSS pho-
tometry to be on the DES system. The corrections are to
compensate for the filter coverage and system throughput
differences between the two surveys. We estimate the correc-
tions empirically by calculating two sets of synthetic mag-
nitudes by convolving each quasar spectrum with the SDSS
and DES system transmission curves (including both instru-
ment and atmosphere). For J0252, the corrections are
gDES = gSDSS − 0.000 ± 0.002
rDES = rSDSS − 0.116 ± 0.005
iDES = iSDSS + 0.053 ± 0.009
zDES = zSDSS + 0.022 ± 0.016,
(1)
where the errors are 1σ uncertainties estimated from 100
bootstrap resampling of the observed quasar spectrum ran-
domly perturbed by the error spectrum.
J0252 is a spectroscopically confirmed quasar contained
in the SDSS DR14 quasar catalog (Paˆris et al. 2018). Figure
1 shows its griz multi-color optical light curves. The ∼20-
year observations combine archival SDSS data with new,
higher signal to noise imaging from DES. The SDSS (DES)
observations included 83, 83, 84, and 85 epochs (131, 140,
141, and 143 epochs) in the griz bands with a median sepa-
ration of 4 days (7 days) between epochs and yearly seasonal
gaps. The variability of J0252 is more coherent with a larger
amplitude than typically observed for stochastic quasar vari-
ability (Morganson et al. 2014) generally believed to result
from thermal fluctuations in the accretion disks driven by an
underlying stochastic process such as a turbulent magnetic
field.
Figure 1 also shows archival photometry from the Palo-
mar Transient Factory (PTF), Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS or PS1), and
Zwicky Transient Facility (ZTF) survey, as well as our new
observations from the Las Cumbres Observatory Global
Telescope (LCOGT; DDT Program 2018B-004 and NOAO
Program 2019A-0279; PI Liu). This is for the purposes of
independent double checks only. We do not include them in
our baseline analysis to: 1. ensure homogeneity for the anal-
ysis of the parent sample and 2. minimize possible uncer-
tainties and/or caveats in the available data as we describe
below. However, we have also verified that our results do
not change qualitatively even when including them in the
analysis. Further details of the archival photometry can be
found in Appendix A, with photometry data listed in Table
A1 - A4.
2.3 Periodicity Detection
For any periodicity detection, we implement the following
three selection criteria:
(i) At least two bands have a 3σ detection of the same
periodicity in the periodogram analysis.
(ii) The detected periodicity is the dominant component
compared to the background noise.
(iii) The same periodicity is also identified in the auto-
correlation function (ACF).
First, we adopt the generalized Lomb-Scargle (GLS) pe-
riodogram (Zechmeister & Ku¨rster 2009), which is appropri-
ate for detecting periodicity in unevenly sampled data using
the astroML package (Vanderplas et al. 2012). Comparing
the observed power to that from the simulated light curves
(see details below), we identify a significant periodicity can-
didate if at least two bands show a 3σ detection (i.e., the
detected periodicity cannot be reproduced by >99.7% syn-
thetic light curves) in the same periodicity grid window. To
quantify the statistical significance of any periodogram peak,
we adopt an approach similar to that of Charisi et al. (2016).
Since the noise spectrum is frequency-dependent (due to the
stochastic red noise quasar variability), it is more appropri-
ate to quantify the statistical significance at a given fre-
quency, i.e., as compared to the local background. Adopting
a false-alarm probability that is flat over different frequencies
instead would overestimate the true statistical significance
of periodogram peaks (Liu et al. 2015). In addition, we re-
ject any detection where fewer than three cycles are spanned
by the observations or where the periodicity is shorter than
500 days. The former criterion is imposed to minimize false
periodicity due to the stochastic red noise quasar variability
(Vaughan et al. 2016), whereas the latter is to mitigate arti-
facts caused by seasonal gaps and low cadence sampling on
short timescales (i.e., an aliasing effect, e.g., MacLeod et al.
2010).
Second, we fit a sine curve to the selected candidates,
and reject any of them if the residue noise dominates
over the periodicity signal, i.e., if σ2residue/A2sin > 1, where
Asin is the periodicity amplitude and σ2residue is the vari-
ance of the residue light curve after subtracting the pe-
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Figure 1. SDSS and DES optical light curves of J0252. All observations have been corrected to be on the DES system. Also shown
are archival light curves from the PTF, CRTS, ZTF, PS1, and new observations from the LCOGT. Error bars represent 1σ (statistical).
The solid curves show the best-fit models from hydrodynamic circumbinary accretion disk simulations assuming a mass ratio q=0.11
(Farris et al. 2014), of which the thick solid denotes our baseline model assuming a background of random, red noise variability whereas
the thin solid assumes white (flat spectrum) noise for comparison purposes only. Note that because we assume red noise in our baseline
model for the background signal (from stochastic variability), the residual is not supposed to be zero, unlike the case of a white noise
background. Also shown for comparison are a q=0.43 accretion model (dotted gray) and a sinusoidal model (dashed gray) expected from
Doppler boost (D’Orazio et al. 2015b) both assuming red noise.
riodic signal. Finally, as a complementary test, we search
for periodicity by fitting the ACF with the ZDCF package
(Alexander 1997). For a periodicity on top of a stochas-
tic background, ACF has a damped periodic oscillation
with ACF(t)=cos (ωt) exp (−λt), where t is the lagging time,
ω = 2piP , and λ is the decay rate of the stochastic background
(Graham et al. 2015). We require that the GLS periodic-
ity be consistent with that from the ACF test. Besides the
above criteria, we have tested alternatives using the multi-
band GLS by VanderPlas & Ivezic´ (2015) and the modified
GLS adopted by Zheng et al. (2016) and found that they
provide no further constraint in our candidate selection, i.e.,
the candidates selected by the three criteria also have 3σ
detections in these alternative methods.
2.4 Simulated Light Curves
To quantify the statistical significance of any periodicity,
first we generate 50,000 evenly sampled mocked light curves
assuming a damped random walk (DRW) model with vari-
ability parameters tailored to the observed properties of each
quasar. A DRW model uses a self-correcting term added to
a random walk model that acts to push any deviations back
toward the mean. It captures the stochastic properties of
quasar variability on a timescale &10 days (Kelly et al. 2009;
MacLeod et al. 2010; Mushotzky et al. 2011; Koz lowski 2016;
Smith et al. 2018). The DRW model is known as a red noise
model, which has a higher spectrum power in lower frequen-
cies. Models that failed to account for this red noise feature
would likely identify false positives due to the generic power
spectrum feature. The DRW model is governed by two pa-
rameters: σ2 and τ, which describe the flux variance and
correlation timescale of the variability.
To measure the DRW parameters and uncertainties for
each quasar, we fit the light curve directly in the time do-
main by treating each data point as a state space with a
Gaussian uncertainty due to both the stochastic process and
measurement error, following Equations (6)–(12) of Kelly
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et al. (2009). For unevenly sampled data, fitting the light
curve directly in the time domain is preferred over fitting
the power spectrum density for better recovering the true
DRW parameters. The structure function due to the ob-
servational cadence may induce an anomalous power in the
power spectrum that could potentially bias the fitting result.
We apply a Bayesian model using the Markov Chain Monte
Carlo (MCMC) method with the emcee package adopting
a non-informative prior (Foreman-Mackey et al. 2013). The
fitting starts with 200 walkers and samples for 1500 steps.
The first 750 steps are removed as a burn-in process. To test
for the convergence, we repeat the above processes but with
only half of the steps (750 steps), and the resulting parame-
ter distribution is consistent. Figure 2 shows the parameter
estimation. For J0252, we have also tested a different prior
with a log-normal distribution centered at 0.08 mag and 200
days for σ and τ, respectively, with a standard deviation of
1.15 (Kelly et al. 2009; MacLeod et al. 2010). The analysis
is consistent across different choices of prior.
Figure 2 shows the best-fit DRW parameters for J0252.
We have verified that the light curve baseline (∼7300 days)
is more than 10 times larger than the correlation timescale
(∼630 days in the observed frame), so that the correlation
timescale recovers the true value (Koz lowski 2017). We then
generate 50,000 mock light curves with parameters pairs (σ2
and τ) randomly drawn from the posterior distribution in
the DRW parameter fitting. We also down sample the mock
light curves to match the cadence of the observations and
add measurement errors.
We also consider a bending power law (BPL) model as
an alternative to the DRW model assumption for the sim-
ulated light curves. This is motivated by results based on
high-cadence Kepler observations that suggest deviations
from the DRW model at the high frequency end f & 110
day−1 (Mushotzky et al. 2011; Edelson et al. 2013, 2014;
Smith et al. 2018). For the BPL model, we assume a −3
power spectrum index at the high frequency f > 110 day
−1
and keep the DRW model at the low frequency f < 110 day
−1.
We also test different power law indexes and different high
frequency breaks. The result is not sensitive to these choices.
The low-frequency breaks are drawn from the timescales τ in
the DRW parameter fitting. We first generate 50,000 evenly
sampled mocked light curves assuming the BPL model with
the pyLCSIM 1 package. We then down sample the light
curve and measure the power spectrum density using the
GLS periodogram. Our result is consistent with that assum-
ing a pure DRW model.
In addition to a DRW model, we have also considered
the CAR(2,1) (Kelly et al. 2014) model, i.e., a damped har-
monic oscillator, which is often used to describe a periodic
signal (Graham et al. 2015; Moreno et al. 2019). The qual-
ity factor Q, defined as the ratio of the detected frequency
to the corresponding frequency width, is used as a measure
of the significance level. For J0252, we have Q  1 for the
CAR(2,1) model, which could suggest a low significance level
for the detected period or a higher order noise. We have
tested that the significance of the periodic signal decreases
when we assume the CAR(2, 1) model for the “stochastic”
component instead of a DRW, although a > 99.74% detec-
1 http://pabell.github.io/pylcsim/html/index.html
tion remains in g-band. However, we also show in Table 1
that, using carma-pack2, CAR(1,0) has the lowest BIC value
and is thus a proper noise model.
2.5 eBOSS Spectrum and Analysis
J0252 has an optical spectrum available from the SDSS
DR14 data archive (Plate = 7820, Fiber ID = 470, MJD =
56984). It was taken by the BOSS spectrograph within the
SDSS-IV/eBOSS survey (Dawson et al. 2016). The BOSS
spectrum covers 3650–10400 A˚ with a spectral resolution
of R =1850–2200. Figure 3 shows its optical (rest-frame
UV) spectrum, where multiple broad emission lines are de-
tected including C IV λ1549, He II λ1640, C III] λ1909, and
Mg II λ2800.
To estimate the viral black hole mass from the broad
emission lines, we follow the procedure described in Shen &
Liu (2012); Shen et al. (2019) by fitting the spectral mod-
els to the observed spectra. The spectral models contain a
linear combination of power-law continuum, a pseudo con-
tinuum generated from Fe II emission templates, and sin-
gle or multiple Gaussian components for the emission lines.
Since the errors in the continuum model might change the
fitting of the weak emission lines, we perform the a global fit
to the mission-line free region first to construct the contin-
uum model better. Then, we fit multiple Gaussian models
to the emission lines around the Mg II λ2800 region locally.
The Mg II λ2800 line is fitted by a combination of up to two
Gaussians for the broad component and one Gaussian for
the narrow component. For the FWHM of the narrow lines,
we also impose an upper limit of 1200 km s−1 . Figure 3
shows our spectral models for J0252.
3 RESULTS
3.1 Discovery of A Significant Periodicity in J0252
Using the three criteria described in §2.3, we identify five
significant periodic candidates out of the parent sample of
625 quasars in a 4.6 deg2 field. J0252 was the most signifi-
cant detection with >4 cycles spanned. We focus on J0252
here in this paper, whereas the other four candidates will be
discussed in Chen et al. in prep.
Figure 4 shows the generalized Lomb-Scargle peri-
odogram (Zechmeister & Ku¨rster 2009). An observed 4.4-yr
(corresponding to restframe 1.7-yr at the redshift of 1.53) pe-
riodicity is detected at 99.95%, 99.43%, 99.78%, and 99.59%
significance in the griz bands. The confidence level in each
band was determined from 50,000 Monte Carlo simulations
(described in §2.4) tailored to the observed variability flux
variance and characteristic timescale assuming a damped
random walk (DRW; Kelly et al. 2009) or a more general
bending power-law (BPL) model. There is a ∼0.05% proba-
bility that the periodogram peak is produced by stochastic
quasar variability (i.e., assuming a correlated red noise), but
the fact that we have found five candidates at >99.74% sig-
nificance in a parent sample of 625 (in which .two cases
are expected from a red noise by chance) suggests that we
are not just seeing stochastic quasar variability. Similar to
2 123
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CAR(p, q) (1,0) (2,0) (2,1) (3,0) (3,1) (3,2)
BIC -967 -927 -922 -917 -920 -906
Table 1. BIC values for CAR(p,q) model using g-band data with p ≤ 3 and q < p. With CAR(1,0) having the smallest BIC value, it
suggests that DRW is the proper noise model for J0252.
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Figure 2. DRW model parameter estimates for J0252. The 2D contours show the 68% and 95% confidence levels estimated from the
MCMC analysis. The histograms show the projected 1D probability density distributions for σ and τ (observed frame). Labeled on each
panel are their best-fit value and the 1-σ (estimated from the 68% confidence levels denoted by the shaded histograms) uncertainties.
The total light curve baseline (∼7300 days) is more than 10 times larger than the correlation timescale (∼630 days in observed frame),
so that the correlation timescale recovers the true value (Koz lowski 2017).
Figure 4, Figure 5 shows the significance level assuming a
CAR(2,1) noise. The detected periodicity is found to have
99.8%, 98.8%, 99.5% and 98.0% confidence level in griz bands
under this more complex noise model. The false alarm prob-
ability of seeing such a significant peak in the periodograms
is 10−20 assuming a pure white (i.e., flat spectrum) noise
instead (Zechmeister & Ku¨rster 2009). We also want to cau-
tion that a rigorous estimation of the DRW parameter distri-
bution over the whole quasar sample is required in order to
accurately address the false detection probability, and is out
of the scope of the current analysis. Although we do account
for the DRW parameter distribution (Fig 2), the parameter
distribution is the result of MCMC fitting on the light curve
of J0252 and is designated for J0252 only.
Archival observations from the PTF (in the gR bands)
and from Pan-STARRS (in the griz bands) provide inde-
pendent verification of our baseline observations. They also
partially filled the cadence gap between the SDSS and DES
observations. New observations from the LCOGT and the
ZTF provide independent support and verification to our
baseline DES observations. Despite having significant gaps,
the combined time baseline spans ∼4.6 cycles of the peri-
odicity, approaching the number of observed cycles recom-
mended for minimizing false positives from stochastic quasar
variability (Vaughan et al. 2016).
3.2 Black Hole Mass Estimation
The black hole mass is estimated using the single-epoch
spectrum by assuming virialized motion in the broad-line
region clouds (Shen 2013). The broad-line region gas clouds
would see the candidate BSBH as a single source. From the
spectral fit to the eBOSS spectrum, the Mg II λ2800-based
estimator gives a virial black hole mass of M = 108.4±0.1M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Figure 3. Optical spectrum and modeling of J0252. Shown are
the data (black), the 1σ error (gray), the best fit model (orange),
the Fe II pseudo-continuum (yellow), and the broken power-law
model for the emission-line- and Fe II-subtracted continuum (with
the griz bands plotted in blue, green, red, and magenta, respec-
tively).
(1σ statistical error), using the parameters in Vestergaard &
Osmer (2009). Shen (2013) suggests that Mg II λ2800-based
masses are more reliable than C IV λ1549-based masses,
given that C IV λ1549 is likely to suffer from non-virial
motion like outflows and there is larger scatter between
C IV λ1549 and Hβ masses for quasars at high redshift (Shen
& Liu 2012).
3.3 Radio Loudness Upper Limit
J0252 was undetected by FIRST (Becker et al. 1995) with
a 3σ flux density upper limit of <0.5 mJy at 1.4 GHz. It
was covered by the VLA Sky Survey (Villarreal Herna´ndez
& Andernach 2018) (VLASS) footprint at 3 GHz to a sensi-
tivity of 0.12 mJy RMS. It was also undetected by VLASS
according to its quicklook image3, suggesting a 3σ upper
limit of f obs3GHz < 0.36 mJy. Assuming that the radio flux fol-
lows a power law fν ∝ να, this translates into f rest6 cm < 0.18
mJy (6 cm corresponding to 5 GHz) for a spectral index
α = −0.5 (Jiang et al. 2007), or f rest6 cm < 0.20 mJy assuming
α = −0.8 (Gibson et al. 2008). Combining the f2500 measure-
ment from the optical spectrum, the inferred radio loudness
parameter (Kellermann et al. 1989) is R ≡ f6 cm/ f2500 < 34
assuming α = −0.5, or R < 39 assuming α = −0.8. While the
VLASS upper limit cannot exclude the possibility of J0252
being radio loud (i.e., R > 10 according to the traditional
definition based on PG quasars), it does rule out its optical
emission being dominated by emission from a radio jet (i.e.,
R > 100 (Chiaberge & Marconi 2011)).
3 http://archive-new.nrao.edu/vlass/HiPS/VLASS1.1/Quicklook/
3.4 Spectral Energy Distribution
Figure 6 shows the SED of J0252. It is similar to a control
sample of ordinary optically selected SDSS quasars that are
matched in redshift and luminosity. The available SED ob-
servations include a radio flux density upper limit from the
VLASS, MIR photometry from WISE (Wright et al. 2010),
NIR photometry from UKIDSS (Lawrence et al. 2007), opti-
cal photometry from the SDSS (York et al. 2000) and an op-
tical spectrum from eBOSS, UV photometry from GALEX
(Martin et al. 2005) (including a detection in the NUV and
an upper limit in the FUV), and an X-ray upper limit from
ROSAT (Voges et al. 2000).
A generic prediction from circumbinary accretion disk
simulations is a flux deficit in the optical/UV SED. The
flux deficit may be a cutoff from a central cavity opened
by the secondary black hole (Milosavljevic´ & Phinney 2005)
or a notch from minidisks formed around both black holes
(Roedig et al. 2014; Farris et al. 2015). There is tentative
evidence for an NUV deficit compared to the control sam-
ple from the existing optical spectroscopy and GALEX UV
photometry, but the existing data are too uncertain to draw
a firm conclusion. Future HST UV spectroscopy could con-
firm the potential UV deficit as a complementary test of
circumbinary accretion disk models.
4 DISCUSSION
4.1 Physical Origins of the Periodicity
In addition to a pure stochastic quasar variability (i.e., the
null hypothesis), we consider two common, competing mod-
els for the optical light curve periodicity. The first is a
smooth, sinusoidal model, which is expected from Doppler
boosting. It has been proposed to explain the periodic quasar
candidate PG1302−102 (D’Orazio et al. 2015b). The highly
relativistic motion of the secondary black hole drives an
apparent periodicity in the light curve, assuming that the
optical emission is dominated by contribution from a mini
accretion disk fueling the secondary black hole.
The second is a more bursty, quasi-periodic variability
model predicted by hydrodynamic simulations of circumbi-
nary accretion disks. We adopt the bursty hydrodynamic cir-
cumbinary accretion disk variability model of (Farris et al.
2014). The model was generated from two-dimensional (2D)
hydrodynamical simulations of circumbinary disk accretion
using the finite-volume code DISCO (Duffell 2016). It solves
the 2D viscous Navier-Stokes equations on a high-resolution
moving mesh. The moving mesh shears with the fluid flow
and thereby reduces the advection error in comparison to
a fixed grid. Unlike previous simulations that have excised
the innermost region surrounding the binary by imposing
an inner boundary condition, and so potentially neglecting
important dynamics occurring inside the excised region, the
model was the first 2D study to include the inner cavity
using shock-capturing Godunov-type methods. The simula-
tions last longer than a viscous time such that the solutions
represent a quasi-steady accretion state.
More specifically we consider two models, mass ratio
q=0.11 and q=0.43. These two values are chosen because
they represent two characteristic regimes in the light-curve
behaviors (Figure 9 of (Farris et al. 2014)). In the simula-
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Figure 4. Generalized Lomb-Scargle periodogram showing the periodicity detection of J0252. A periodicity (see PGLS in Table 1) is
detected at 99.95%, 99.43%, 99.78%, and 99.59% significance in the griz bands. The confidence levels are calculated from 50,000 tailored
simulations assuming random, red noise variability. The gray curves show 200 examples drawn from the 50,000 for clarity. The cyan
shaded region indicates the period uncertainty estimated using ranges above the >99.74% significance for the gi bands and above the
>99.00% significance for the rz bands. The gray shaded regions mark the small timescales (<500 days) on which a periodicity may be
subject to artifacts due to seasonal gaps and low cadence, and the large timescales (defined as total time baseline <3 cycles) where the
data is more subject to false periodicity from stochastic quasar variability (Vaughan et al. 2016).
tions, significant periodicity in the accretion rates emerges
only for q &0.1, where the binary torques are large enough
to excite eccentricity in the inner cavity and create an over-
dense lump. The passing BHs interact with the overdense
lump, producing periodicity in the accretion rate. There is a
strong peak in the periodograms corresponding to the orbital
frequency of the lump, which is also the binary frequency for
q=0.11 but is ∼1/5 of the binary frequency for q=0.43. The
quality of the existing light curves does not justify model
comparison over an even finer parameter grid in mass ratio.
One caveat is that the 2D models only predict the ac-
cretion rate and miss 3D effects and radiative transfer pro-
cesses. While more realistic simulations are still needed to
capture the complex physics in the binary system in or-
der to make reliable predictions, the dominant characteris-
tic timescale, the orbital period, and harmonics that might
arise, should emerge in the light curve. The gas has to be
accelerated by the binary potential, and the emission of the
gas has to reflect, at some level, this behavior. Whether or
not we can get an accurate estimate of the mass ratio is
indeed uncertain, but circumbinary accretion variability is
still preferred over relativistic Doppler boosting both for the
more bursty light curve characteristic and the frequency de-
pendent variability amplitudes as discussed further below.
4.2 Light Curve Model Fitting and Model
Comparison
We have shown that a periodic model is preferred over a cor-
related red noise (i.e., modeled with a DRW model) based
on the periodogram analysis using tailored simulations (Fig-
ure 4). As an independent analysis, here we also fit the light
curve with a covariance matrix that includes a correlated red
noise between measurements. It allows us to test if the data
favors an additional periodic signal on top of a background
of pure random, red noise variability (i.e., from stochastic
quasar variability), as well as to perform a comparison be-
tween a smooth, sinusoidal model and the more bursty ac-
cretion models.
The covariance matrix between measurements is given
by
Ci j = σi2δi j + σ2 exp
[−|ti − tj |
τ
]
, (2)
where σi is the 1σ measurement error at the observation
time ti . The nonzero off-diagonal terms come from a corre-
lated red noise, where σ2 and τ are the variance and the cor-
relation time of the variability. The null hypothesis is a flat
mean amplitude with a correlated red noise, equivalent to a
pure DRW model. We consider three periodic models. These
include a sinusoidal model as well as two fiducial bursty ac-
cretion models, assuming mass ratios q=0.11 and 0.43. We
adopt a maximum likelihood approach for the parameter fit-
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Figure 5. Similar to Figure 4, but with the CAR(2,1) noise model. The cyan marks the same region as shown in Figure 4. The detected
periodicity has a significance level of 99.8%, 98.8%, 99.5% and 98.0% in griz bands.
Figure 6. Spectral energy distribution (SED) of J0252. Also
shown for comparison are the mean, and 1σ, and 2σ confidence
levels of the SEDs of a control quasar sample matched in red-
shift and luminosity with J0252, the optically selected quasar
SEDs from (Richards et al. 2006) (“R06-All” for all quasars, “R06-
OL” for optically luminous quasars, and “R06-OD” for optically
dim quasars), and the mean SED of (Hatziminaoglou et al. 2005)
(Hat05). Errorbars are 1σ whereas upper limits are 3σ. Plotted
on top are the multi-wavelength postage stamps of J0252 with a
FOV of 30′′ each. The green circles are 10′′ in diameter indicating
the position of J0252.
ting and model comparison. The likelihood function is give
by
L ∝ det |C |− 12 exp
[
− 1
2
(Xi − Mi)
(
C−1
)
i j
(Xj − Mj )
]
, (3)
where Xi is the observed flux and Mi the model flux at the
observation time ti .
First, we test if the q=0.11 model could explain our
detected periodicity by maximizing the likelihood function
without any limitation on the parameters. We use the emcee
package to determine the best-fit parameters and their un-
certainties. We initiate 100 individual chains to sample the
maximum likelihood function for 500 steps. Then, we re-
move the first 250 steps as a burn-in process. The 1σ error
is determined by the remaining 250 steps from 100 chains at
the 84.14 and 15.86 percentiles. The best-fit q=0.11 bursty
model period along with the 1σ error are listed in Table
1, consistent with the periodicity found in the periodogram
analysis.
Then, we compare three models (sinusoidal + red noise,
circumbinary accretion + red noise, and a pure stochastic
red noise) using maximum likelihood estimation. All the cal-
culations are done in flux units. In a single-band fit, the si-
nusoidal model has six free parameters: red noise amplitude,
red noise correlation time, period, phase, amplitude and av-
erage magnitude. The more bursty, circumbinary disk accre-
tion variability model also has six free parameters: red noise
amplitude, red noise correlation time, period, phase shift,
amplitude of variation, and the magnitude zero point. A
DRW model has three free parameters: red noise amplitude,
red noise correlation time, and mean magnitude.
We also do a combined fit making use of the light curves
from all four bands. To help break parameter degeneracy,
the periodicity, phase and red noise correlation timescale are
fixed to be the same across different bands. In a combined
fit with the periodic models, we have fifteen free parameters,
including the mean flux, model amplitude and red noise am-
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plitude in each band, as well as the periodicity, the phase
and the red noise correlation timescale which are the same
across different bands. For the pure DRW model, there are
nine model parameters, including the mean flux and the red
noise amplitude in each band, and a red noise correlation
time which is the same across different bands.
To compare different models, we adopt the Bayesian
information criterion (BIC), which is defined as
BIC = −2 ln(L) + k ln(N) , (4)
where k is the number of free model parameters and N the
number of data points. A lower BIC value indicates the more
preferred model. We adopt the proportional constant to be
unity in Eq (3).
Table 2 lists the BIC from our MCMC analysis for the
model fitting and comparisons. Three periodic models are
compared against the null hypothesis of a pure stochastic
variability. A lower BIC value indicates the more preferred
model, and a BIC difference of <−10 suggests strong ev-
idence. In each band, the q = 0.11 accretion model always
has a negative BIC difference (i.e., suggesting that it is more
preferred than a pure stochastic variability), which is also
the smallest among all the three periodic models consid-
ered. The observed light curves of J0252 statistically prefer
the q=0.11 accretion model over the other models in all four
bands. Taking the fit that combines all bands for example,
the BIC difference between the q=0.11 accretion model and
the pure stochastic quasar variability model translates to a
likelihood ratio of, at least, exp[(−96.7)/(−2)]∼1021 (Eq (4)).
We thus conclude that the q = 0.11 accretion model to be
the best model for the observed light curves.
We have tested that our qualitative conclusion (that
the q = 0.11 accretion model is preferred over a sinusoidal
model from having smaller BIC values) still holds assuming
a background of pure white (flat spectrum) noise instead
(i.e., with zero off-diagonal terms in the covariance matrix).
We show the best-fit q = 0.11 accretion models under white
noise (thin solid curves) in Figure 1 for illustration purposes
only.
4.3 Relativistic Doppler Boost Modeling
The multi-band light curves enable us to conduct an inde-
pendent, quantitative test of the relativistic Doppler boost
hypothesis. The relativistic Doppler boost predicts unique
and robust frequency-dependent variability amplitudes in
different bands that can be tested with multi-color data
(D’Orazio et al. 2015b). We adopt the total mass of the
hypothesized binary in J0252 as M = 108.4±0.1M (1σ sta-
tistical error) assuming the virial black hole mass estimated
from Mg II λ2800. We measure the spectral indices of the
continuum by fitting broken power law models over four
wavelength windows corresponding to the griz bands. Ta-
ble 2 lists the resulting broken power-law indices.
For a binary in a relativistic circular orbit, the observed
frequency of the emitted photons from the secondary’s accre-
tion disk will change due to the relativistic motion (D’Orazio
et al. 2015b; Charisi et al. 2018). The number of photons
N, where N ∝ Fν/ν3, with Fν being the flux at a specific
frequency ν, is Lorentz invariant. The photons are Doppler-
boosted by a factor
D = 1
γ
(
1 − v‖/c
) , (5)
where v is the orbital velocity, v‖ is the line-of-sight com-
ponent, and γ =
(
1 − β2
)−1/2
. Assuming that the emitted
radiation has a power-law spectrum Fν ∝ ναν , the observed
flux is
F obsν = D3−ανF emν . (6)
For a binary in a circular orbit, the Doppler-boost variability
to first order in β is
∆Fν
Fν = (3 − αν) β cos φ sin i , (7)
where v is the orbital velocity of the more luminous black
hole (assumed to be the less massive secondary black hole,
whereas the primary black hole is assumed to contribute
negligible flux), i is the inclination of the binary orbit with
respect to the line-of-sight (defined such that i=90 degrees
for an edge-on view and 0 degrees for a face-on view), and
0 ≤ φ ≤ 2pi is the phase of the orbit. We take the or-
bital separation to be effectively constant over the course
of the observation since the time elapsed in the rest frame
is much less than the coalescence timescale of the binary.
Taking the g band for example, the amplitude of the vari-
ability is 0.229 mag (Table 1), corresponding to ∆Fν/Fν ∼
±0.229. To explain this, a line-of-sight velocity amplitude
of vsin(i) ≈0.069c would be needed, considering the g-band
power-law index αg∼−0.32 (Table 1).
We calculate the frequency-dependent variability am-
plitude ratios expected from relativistic Doppler boost (i.e.,
relativistic beaming, or RB for short) to compare with the
observations. Taking the gr bands for example, the RB
model predicts Ag,RB/Ar,RB = (3 − αg)/(3 − αr ) = 0.78 ± 0.11
(1σ), where α ≡ dln(Fν)/dln(ν). The observed Ag,obs/Ar,obs
is 1.41 ± 0.03. The RB hypothesis is therefore ruled out at
&5σ.
Figure 7 shows the observed variability amplitude ratio
(Ai/Aj where i and j represent two bands) compared with
the expected value inferred from relativistic beaming (RB)
for each band pair, which is (3− αi)/(3− αj ). The RB model
is being ruled out at &5σ considering the gr bands and at
∼2σ for the gi and ri bands.
Figure 8 shows the parameter space that allows for a
flux variability greater than a fiducial value of 16%–23% in
order to explain the observed values (Table 2). The param-
eters considered are the total black hole mass M, mass ratio
q, orbital inclination i, and the fraction of the total emission
coming from the secondary black hole f2 (D’Orazio et al.
2015b). Our other fiducial model parameters are Porb = 1.7
yr, and α = −0.32, −1.25, −0.20, and 0.41 in the griz bands
(Table 2). There is little to no parameter space for the RB
hypothesis to work, because the required total black hole
mass would be too large to reproduce the observed, large
variability amplitudes in J0252, unless all the following three
requirements are met: 1. the total black hole mass is signifi-
cantly underestimated by the virial estimate, even when ac-
counting for a 0.5-dex systematic uncertainty (Shen 2013),
2. >80% of the optical light is contributed by emission from
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Parameter g r i z griz
PGLS (days) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (1) 1607±7 1615±9 1632±8 1607±10 –
PAcc, q=0.11 (days) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (2) 1511
+34
−55 1466
+64
−12 1506
+128
−61 1562
+248
−99 1476
+128
−5
BICAcc, q=0.11−BICDRW . . . . . . . . . . . . . . . . . . . . . . . . . . (3) −19.7 −23.7 −13.3 −13.7 −96.7
BICAcc, q=0.43−BICDRW . . . . . . . . . . . . . . . . . . . . . . . . . . (4) −9.7 −7.0 −2.5 −1.9 −78.3
BICsin−BICDRW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (5) −5.5 −5.7 +0.9 −2.9 −47.2
N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (6) 212 223 222 227 884
α ≡ dln(Fν )/dln(ν) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (7) −0.32±0.40 −1.25±0.34 −0.20±0.34 0.41±1.01 –
Aobs (mag) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (8) 0.229±0.003 0.162±0.002 0.162±0.002 0.157±0.004 –
τDRW (days) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (9) 653 716 629 849 701
kDRW / kq=0.11 / kq=0.43 / ksin . . . . . . . . . . . . . . . . . (10) 3/6/6/6 3/6/6/6 3/6/6/6 3/6/6/6 9/15/15/15
Table 2. Measurements of J0252. Line (1): Period and 1σ error (estimated from bootstrap re-sampling) from the generalized
Lomb-Scargle (GLS) periodogram. Line (2): Best-fit period and 1σ error (statistical) from MCMC fitting the q=0.11 accretion model
independently in different bands assuming a correlated red noise. Lines (3)–(5): Bayesian information criterion (BIC) differences between
a periodic model and the null hypothsis, i.e., stochastic quasar variability characterized by a damped random walk (DRW) model.
The periodic models considered include two bursty, circumbinary accretion models assuming q=0.11 and 0.43, and a sinusoidal model
(expected for relativistic Doppler boost). A negative ∆BIC indicates that a periodic model is more preferred over a pure stochastic
variability. ∆BIC<−10 suggests strong evidence. Line (6): Number of data points. Line (7): Power-law index of the continuum from
spectral modeling. Errors represent 1σ uncertainties generated from 100 Monte Carlo simulations. Line (8): Variability amplitude from
the best-fit sinusoidal model. Errors represent 1σ statistical uncertainties. Line (9): Best-fit correlation time in the DRW model. Line
(10): Number of free parameters for each of the model.
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Figure 7. Observed frequency dependent variability amplitude
ratio for each band combination compared with the expected val-
ues from relativistic Doppler boost. The black line represents the
1 to 1 relation. Error bars denote 1σ uncertainties.
a mini accretion disk fueling the secondary black hole, and
3. the system is viewed close to being edge-on.
Our estimates on the periodic variability amplitudes
(Line 8 in Table 2) do not include contribution from a
stochastic background of red noise; accounting for all the
observed variability amplitudes instead would make the ten-
sion even stronger.
4.4 Gravitational-wave implications and
prospects.
The GW strain amplitude of a circular binary in the
quadrupolar approximation is
h0 =
4G5/3
c4
µM2/3ω2/3
DL
, (8)
where µ = Mq/(1 + q)2 is the reduced mass, M is the total
mass, ω = 2pi forb, and DL is the luminosity distance to the
source. From our parameter estimation, the inferred strain
amplitude is h0 ∼ 9.8×10−19, which makes this binary effec-
tively undetectable by current Pulsar Timing Arrays (PTAs)
as an individual source (Zhu et al. 2014). Recent PTA upper
limits on the stochastic background have been used to con-
strain the ensemble properties of BSBH candidates (Sesana
et al. 2018; Holgado et al. 2018). A growing census of milli-
pc BSBH candidates will be further constrained as the PTA
sensitivity improves over time. LISA would be sensitive to
BSBH mergers at these given masses and mass ratios. We es-
timate the SNR from the latest LISA sensitivity curve (Cor-
nish & Robson 2018). Figure 9 shows that the BSBH can-
didate would eventually merge in the LISA frequency band
and a merging binary with the same mass and mass ratio
would be detectable during a 5-yr observation with a nomi-
nal SNR ∼15 at redshift ∼1.5.
4.5 Alternative Interpretations
Unlike the two previously best known BSBH candidates
OJ287 and PG1302, J0252 is not a blazar, nor is its op-
tical emission dominated by contribution from a radio jet,
and therefore jet precession cannot explain the periodicity.
Precession of a warped accretion disk is unlikely because the
amount of obscured continuum emission required would be
too large to explain the observed variability amplitude in
J0252 and that the effect is geometrical rather than bursty.
The periodicity in J0252 (i.e., rest-frame 1.7 yr) is close
to the expected value (∼200 days) inferred from its black
hole mass assuming a scaled-up quasar version (King et al.
2013) of low-frequency accretion disk quasi-periodic oscil-
lations (QPOs; e.g., from strong resonances in the accre-
tion flow) as seen in the X-ray light curves of X-ray bina-
ries (Vaughan & Uttley 2005). However, the characteristic
bursty light curves would be difficult to explain with Lense-
Thirring precession (Bardeen & Petterson 1975) of a geo-
metrically thick accretion flow near the primary black hole,
with which low-frequency QPOs in X-ray binaries are as-
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Figure 8. Parameter space estimates for the relativistic Doppler boost model. The four panels represent griz bands. In each panel, the
dashed contours represent f2 = 1.0 whereas the shaded contours denote f2 = 0.8, where f2 is the fraction of the total emission coming
from the secondary black hole. Different colors show different mass ratios with q=0.0, 0.05, 0.1, and 0.2 for blue, green, orange, and red,
respectively. The vertical solid line with gray shades indicate our virial mass estimate and its 1σ statistical error for the total black hole
mass. The orbital inclination angle i=90 degrees for an edge-on view, and 0 degree for a face-on view.
10 6 10 5 10 4 10 3 10 2 10 1 100
fGW [Hz]
10 22
10 20
10 18
10 16
10 14
h c
106M
107M
108M
109M
Figure 9. Prospect for LISA detection of a source similar to the
candidate BSBH in J0252 but 5 years before coalescence. The
purple curve represents the expected LISA sensitivity limit as-
suming a 5-yr observation (Cornish & Robson 2018). The black
curve denotes the gravitational-wave signal of a BSBH at z = 1.53
with mass 108.4M and mass ratio q = 0.1 beginning at 5 yrs be-
fore coalescence, i.e., from the inspiral phase (low frequency) to
the final merger and ringdown (high frequency). The blue, orange,
green, and red shaded regions correspond to mergers with a pri-
mary mass of 106M, 107M, 108M, and 109M, respectively, at
the same redshift with mass ratios ranging within 0.05 ≤ q ≤ 0.5.
The blue, orange, green, and red lines correspond to q = 0.1.
sociated (Stella & Vietri 1998; Ingram et al. 2009). QPOs
in X-ray binaries show drifts in period, phase, or amplitude
(van der Klis 1989), and future continued monitoring obser-
vations can constrain the possibility of an optical QPO.
4.6 Implication for the Merger Hypothesis and
Comparison with Theoretical Event Rates
Among a parent sample of 625 quasars we have detected one
strong candidate BSBH, whose estimated gravitational-wave
inspiral time (0.17 Myr) is about ∼102–103 times shorter
than estimates for quasar lifetimes (Martini & Weinberg
2001; Yu & Tremaine 2002). This implies that most quasars
could be binary systems with a much larger binary separa-
tion that the circumbinary disk does not yet exist, which is
unsurprising given the merger hypothesis (Volonteri et al.
2003; Hopkins et al. 2008; Shen 2009; Haiman et al. 2009a).
Previous work has predicted the event rates of BSBHs that
are detectable as periodic quasars (Haiman et al. 2009b).
The most recent work by Kelley et al. (2019) combines cos-
mological hydrodynamic simulations, semi-analytic binary
merger models, and analytic quasar spectra and variabil-
ity prescriptions. Given DES sensitivity (assuming a typical
single epoch 5σ point source depth of ∼23.5 AB mag), the
expected number of detectable periodic quasars from cir-
cumbinary disk accretion variability at redshift z∼1.5 with
observer-frame periods between 0.5 and 5.0 yr is ∼80 in an
all-sky survey (∼30,000 deg2), or ∼1 per 380 deg2 (see right
panel in Figure 6 of Kelley et al. 2019). This is ∼70 times
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lower than our detection rate4 of ∼one strong BSBH candi-
date from circumbinary accretion variability per 5 deg2 at
face value. As further discussed by Chen et al. (2020), this
apparent discrepancy is likely explained by the fact that our
sample is dominated by less massive quasars at high redshift
given our deep survey over a small area. As a result we are
effectively measuring the differential detection rate (which
is a function of redshift and BH mass) rather than the cu-
mulative detection rate as quoted by Kelley et al. (2019).
There are still significant uncertainties that prevent a
fair comparison between our detection rate and theoretical
predictions and PTA limits. First, theoretical event rates
are still highly uncertain. The most significant uncertainty
is on the inspiraling timescales, which could lead to highly
uncertain estimates on the number of detectable binaries in
the circumbinary accretion disk phase.
Second, the PTA upper limits are still subject to model
uncertainties regarding the evolutionary history of a binary
from large to small separations where GW emission dom-
inates. PTA upper limit is model independent only for a
particular binary separation range that corresponds to the
PTA frequency. To extrapolate this to other separations (i.e.,
going from PTA frequency to the frequency relevant for pe-
riodic quasars), one needs to invoke assumptions on the evo-
lutionary timescales. However, there is still no self-consistent
model that can deal with the full evolution considering the
effects of gas and stars, and so a high binary fraction at
mili-parsec scales may not necessarily be in direct tension
with the PTA upper limits. For example, if a binary stalls
at large separations, or if it sweeps quickly through the PTA
sensitivity range, there would be no PTA signal, even if the
true binary fraction were high.
Finally, PTA is most sensitive to the most massive bi-
naries at low redshift. However, our sample is most sensi-
tive to the ∼ 108M systems at intermediate redshift. A
small binary fraction for the most massive black holes at
z=0 from the PTA upper limits does not directly translate
into the same binary fraction for the less massive black holes
at z ∼ 1.5.
4.7 Comparison with Previous Work
As further shown in Chen et al. (2020), our detection rate
of all candidate periodic quasars (not just BSBH candidates
from circumbinary accretion variability), i.e., ∼0.8%, is ∼4–
80 times of those from previous searches using other surveys
(Graham et al. 2015; Charisi et al. 2016; Liu et al. 2019),
even though our selection criteria are more stringent. For
example, we request > three cycles in at least two bands,
whereas only 1.5 cycles were adopted by Graham et al.
(2015) and only one-band data were available. This is not
a fair comparison, however, because our sample is probing
less massive quasars at higher redshifts than those studies
in previous shallower surveys over larger areas. As suggested
in Chen et al. (2020), the significantly higher detection rate
of periodic quasars found in our sample may be interpreted
as the redshift evolution of the fraction of BSBHs, i.e., the
4 Our estimated detection rate depends on the depth of the par-
ent spectroscopic quasar sample, which is incomplete. We do not
have a complete quasar sample down to DES depth.
binary fraction is larger at higher redshifts at a fixed BH
mass.
In addition, previous datasets lacked the long time base-
line and/or sensitivity to discover similar systems as J0252.
Given shorter time baselines and lower sensitivities, false
positives and/or false negatives would have been more likely
to significantly bias the apparent detection rates because of
stochastic background variability. In particular, Liu et al.
(2019) has rejected most of the candidates found in their
previous searches (Liu et al. 2015, 2016) by continued moni-
toring of the “best candidates”. While this demonstrates the
importance of a long time baseline in rejecting false positives
due to stochastic background variability, it does not address
the question of possibly missing false negatives in those that
have not been continuously monitored. A long time baseline
for the full parent sample (i.e., not just the“best candidates”
selected based on short-baseline light curves) is needed to
robustly quantify the true detection rate.
In summary, the quality of the data (i.e., long time base-
line, high sensitivity) is more important than the quantity
of the data (i.e., size of the parent quasar sample) because
the systematic error (e.g., bias from false positives and/or
false negatives caused by stochastic background variability)
is likely to be larger than the statistical error. Even though
we have a much smaller sample of quasars in the parent sam-
ple, our detection rate is still likely to be more reliable than
those from previous work based on shorter and shallower
surveys of larger areas.
5 CONCLUSION AND FUTURE WORK
Our results on J0252 may provide the first, strong evidence
for circumbinary accretion variability as the physical origin
for periodic quasar (optical) light curves. Sensitive, long-
term, multi-color light curves are key in disfavoring the com-
peting relativistic-Doppler-boost hypothesis for J0252. Rel-
ativistic Doppler boost has been previously shown to best
explain the characteristic periodic optical light curves and
UV observations of PG1302−102 (D’Orazio et al. 2015b).
We speculate that various mechanisms may be at work in
different systems, such that the case for PG1302−102 may
not necessarily apply to J0252 or other periodic quasars.
Recently, using a combination of cosmological, hydro-
dynamic simulations, comprehensive semi-analytic binary
merger models, and analytic active galactic nucleus spec-
tra and variability prescriptions, Kelley et al. (2019) sug-
gests that hydrodynamic variability should be ∼5–25 times
more common than relativistic Doppler boost in produc-
ing periodic quasar light curves in synoptic surveys. Our
result suggests that hydrodynamic circumbinary accretion
variability may indeed be a viable option to explain peri-
odic light curves, at least for some, if not most, quasars as
BSBH candidates, although we cannot draw large inferences
from just a single detection. Alternatively, precession of a ra-
dio jet is likely ruled out, because unlike OJ287 (Valtonen
et al. 2008), J0252 is not a blazar (with a 3σ radio flux den-
sity upper limit of <0.5 mJy at 1.4 GHz and <0.4 mJy at 3
GHz), nor is its optical emission dominated by contribution
from a radio jet.
While we have adopted the simulated light curves of
Farris et al. (2014) as the baseline model, our conclusion is
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not sensitive to this particular choice because similar char-
acteristic bursty light curves are seen in other independent
simulations of circumbinary accretion disks around BSBHs
(MacFadyen & Milosavljevic´ 2008; Shi et al. 2012; Roedig
et al. 2012; D’Orazio et al. 2013; Gold et al. 2014a; Tang
et al. 2018). While the archival SDSS data has been nec-
essary in extending the time baseline for a statistically sig-
nificant periodicity detection, the light curve was only well
sampled by the new DES observations in terms of sensitivity
and cadence, and there were significant observational gaps.
The existing data cannot definitively discriminate between
the q=0.11 and q=0.43 circumbinary accretion variability
models, although q=0.11 is tentatively preferred (Table 2).
We consider these two q values as baseline examples be-
cause they represent two characteristic regimes in the light-
curve behaviors (Figure 9 of Farris et al. (2014)). In both
regimes there is a strong peak in the periodograms of the
simulation-predicted light curves corresponding to the or-
bital frequency of the overdense lump. Adopting a mass
ratio of q=0.11, torb = tperiod (whereas torb ≈ 0.2tperiod for
q=0.43 instead (Farris et al. 2014)), the inferred binary sep-
aration is d ∼ 4.4 milli-parsec (i.e., 5.1 light days, or ∼200
Schwarzschild radii), assuming a circular orbit. So the con-
firmation of this candidate would imply that the system has
passed the “final-parsec” barrier (Begelman et al. 1980) at a
redshift of z=1.53.
The inferred gravitational-wave inspiral time tgw with
the preferred system parameters is ∼0.17 Myr. This im-
plies that the candidate binary is efficiently emitting grav-
itational waves and will merge well within the age of the
universe, even if environmental effects are neglected. BS-
BHs with masses of ∼ 108–109M at redshift z & 1 are
generally expected around the time of pre-decoupling (Koc-
sis & Sesana 2011), i.e., when tgw > tvisc, where tvisc is the
viscous timescale of the accretion disk. The gravitational-
wave strain amplitude is ∼10−18 at ∼37 nHz, which, as an
individual source, is ∼105 below the current best sensitivity
limit of pulsar timing arrays (Arzoumanian et al. 2018b) to
continuous-wave sources, and will also be below the expected
SKA sensitivity (Wang & Mohanty 2017). Laser Interferom-
eter Space Antenna (Amaro-Seoane et al. 2017) would be
able to detect a source similar to J0252 but ∼5 years before
coalescence at &0.01 mHz with a signal-to-noise ratio of ∼15
at redshift 1.5 (Figure 9).
Future sensitive, continued multi-band follow-up imag-
ing is needed to further constrain the significance and na-
ture of the optical light-curve periodicity observed in J0252.
While the existing data spans 4.6 cycles, only ∼3 are well
sampled in multiple bands. There is a 0.05% probability that
the periodogram peak is caused by stochastic quasar vari-
ability. The significance of a real periodicity should increase
as more cycles are covered (Liu et al. 2018). Continuous,
sensitive follow up with the Blanco 4m/DECam is on-going
to better characterize the light curve properties. Hydrody-
namic simulations of circumbinary accretion disks predict
additional, weaker peaks in the light curve periodograms at
different characteristic frequencies depending on the mass
ratio, with many associated harnomics for q>0.43 (Farris
et al. 2014). Future observations may be able to better dis-
tinguish between the q=0.11 and the q=0.43 models (e.g., by
searching for evidence for additional weaker peaks in the pe-
riodogram and quantifying their characteristic relationships
with the primary peak (Charisi et al. 2015)).
The observed SED of J0252 is similar to normal opti-
cally selected quasars that are matched in redshift and lumi-
nosity. Future more sensitive UV and/or X-ray observations
are needed to put further independent constraints on any po-
tentially characteristic SED features to compare with predic-
tions from circumbinary accretion disk simulations (Roedig
et al. 2012; Tang et al. 2018). While the broad-line region is
expected to be well outside the radius of the binary, the cir-
cular velocity is about 0.05c, which is much greater than the
width of the broad emission lines. Any emission lines orig-
inating from the disk could in principle show such shifts,
but in practice the broad emission line profile becomes more
complex and there are no expected coherent radial velocity
drifts in the emission lines with time (Shen & Loeb 2010).
There could be a shift in the Fe K-α line which probes the
inner accretion disk and future sensitive X-ray spectroscopic
monitoring is needed to test this (McKernan & Ford 2015).
Our detection of one strong BSBH candidate due to
circumbinary accretion variability in a sample of 625 spec-
troscopically confirmed quasars from a 4.6 deg2 survey im-
plies a detection rate of ∼0.16%, or 1 per 5 deg2, which
is ∼70 times higher than the expected event rate (Kelley
et al. 2019) at face value, although the theoretical rate is still
highly uncertain considering unconstrained model assump-
tions. Our detection rate of candidate periodic quasars is ∼4–
80 times times of those from previous searches using other
surveys (Liu et al. 2019), although this is not a fair compar-
ison because previous datasets lacked the long time base-
line and/or sensitivity to discover similar systems as J0252.
Given shorter time baselines and lower sensitivities, false
positives and/or false negatives would have been more likely
to significantly bias the apparent detection rates because
of stochastic background variability. We have demonstrated
using J0252 that multi-band light curves with high sensitiv-
ity and a long time baseline is key to not only identifying
periodicity but also sorting out its physical origin. Future
large, sensitive synoptic surveys such as the Legacy Survey
of Space and Time at Vera C. Rubin Observatory (Ivezic´
et al. 2019) may be able to detect hundreds to thousands of
BSBH candidates from circumbinary accretion variability.
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APPENDIX A: DETAILS ON ARCHIVAL
PHOTOMETRIES
The publicly available PTF photometry was in PTF g and
R bands in Vega mags. For consistency we have converted
them to the SDSS g and r bands in AB mags following the
empirically calibrated relations based on PTF stars (Equa-
tions 4 and 5 of Ofek et al. 2012). We have further applied
the SDSS-DES corrections listed in Equation 1 for the PTF
photometry to be on the DES system. The PTF-to-SDSS
correction depends on the (r-i) and (g-r) colors which are
variable, however, on the timescales of a few yr. We have
adopted the median colors averaged in the last year of the
SDSS light curves and the first year of the DES observa-
tions that bracketed the PTF R-band observations. Further-
more, the current version of the PTF photometric pipeline
uses MAG AUTO (not aperture or PSF magnitudes) which
adjusts the aperture used to extract the source magnitude
for each object. This introduces biases in the magnitudes
for sources near the survey detection limit such as J0252.
The resulting effect on the color correction is a systematic
bias toward larger negative values of rSDSS-RPTF/SDSS start-
ing around rSDSS of magnitude 19.5 (Figure 2 of Ofek et al.
2012). We have empirically corrected for this systematic bias
using the median value inferred for sources with similar lu-
minosities of J0252 (i.e., at rSDSS∼21 mag). We have further
verified the empirical correction by comparing the four PTF
R-band data points that overlapped with the DES Y1 ob-
servations (i.e., around MJD of 56,600), finding a general
consistency. Nevertheless, given these significant uncertain-
ties and caveats in the magnitude conversion, as well as the
fact that J0252 is already at the PTF survey detection limit,
we do not include the PTF photometry in our baseline anal-
ysis.
The PS1 griz filters are similar to those of the SDSS.
We apply the PS1-to-SDSS correction using a third order
polynomial provided by Finkbeiner et al. (2016) that shifts
the photometry to the SDSS system. The correction depends
on the (g-i) color. The color is determined by averaging over
PS1 light curve. After the correction to the SDSS system, Eq
(1) is then applied for the conversion between the SDSS and
DES systems. For ZTF, the photometry has been calibrated
to the PS1 system (Masci et al. 2019). We thus follow the
same steps in the PS correction and correct the light curves
to be on the DES system. The LCOGT filters are similar
to the SDSS. We convolve each quasar spectrum with the
DES and LCOGT filter transmission curves to calculate the
synthetic magnitude difference and correct the LCOGT to
be on the DES system.
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mjd mag err survey mjd mag err survey mjd mag err survey mjd mag err survey
51075 21.02 0.04 SDSS 51818 21.51 0.05 SDSS 52171 21.25 0.04 SDSS 52173 21.25 0.05 SDSS
52224 21.18 0.04 SDSS 52234 21.12 0.05 SDSS 52261 21.16 0.04 SDSS 52283 21.12 0.05 SDSS
52287 21.04 0.04 SDSS 52552 21.27 0.04 SDSS 52557 21.24 0.04 SDSS 52908 21.31 0.04 SDSS
52912 21.33 0.05 SDSS 52934 21.20 0.05 SDSS 52936 21.22 0.04 SDSS 53270 21.27 0.04 SDSS
53272 21.22 0.05 SDSS 53286 21.22 0.06 SDSS 53288 21.29 0.04 SDSS 53296 21.34 0.05 SDSS
53298 21.35 0.05 SDSS 53302 21.50 0.10 SDSS 53312 21.18 0.09 SDSS 53314 21.42 0.07 SDSS
53319 21.35 0.06 SDSS 53616 21.22 0.05 SDSS 53626 21.16 0.06 SDSS 53628 21.23 0.09 SDSS
53635 21.20 0.11 SDSS 53639 21.13 0.05 SDSS 53641 21.27 0.05 SDSS 53657 21.13 0.09 SDSS
53663 21.10 0.11 SDSS 53665 21.25 0.08 SDSS 53666 21.26 0.09 SDSS 53668 21.09 0.07 SDSS
53669 21.13 0.07 SDSS 53670 21.15 0.05 SDSS 53673 21.09 0.05 SDSS 53675 21.13 0.04 SDSS
53677 21.10 0.04 SDSS 53680 21.09 0.04 SDSS 53686 21.19 0.12 SDSS 53687 21.48 0.47 SDSS
53693 21.15 0.15 SDSS 53699 21.24 0.06 SDSS 53704 21.15 0.05 SDSS 53997 21.48 0.05 SDSS
54000 21.25 0.05 SDSS 54007 21.45 0.05 SDSS 54009 21.40 0.04 SDSS 54011 21.37 0.04 SDSS
54012 21.30 0.05 SDSS 54025 21.24 0.06 SDSS 54029 21.37 0.05 SDSS 54031 21.38 0.04 SDSS
54036 21.51 0.07 SDSS 54039 21.34 0.04 SDSS 54041 21.41 0.13 SDSS 54048 21.47 0.13 SDSS
54052 21.28 0.10 SDSS 54055 21.40 0.07 SDSS 54058 21.38 0.06 SDSS 54060 21.41 0.06 SDSS
54065 21.07 0.14 SDSS 54346 21.58 0.13 SDSS 54348 21.70 0.09 SDSS 54365 21.62 0.05 SDSS
54381 21.62 0.06 SDSS 54384 21.60 0.08 SDSS 54386 21.57 0.06 SDSS 54392 21.65 0.07 SDSS
54393 21.72 0.08 SDSS 54403 21.63 0.14 SDSS 54404 21.69 0.13 SDSS 54406 21.67 0.07 SDSS
54409 21.64 0.05 SDSS 54412 21.77 0.08 SDSS 54416 21.68 0.05 SDSS 54421 21.60 0.07 SDSS
54423 21.76 0.08 SDSS 56264 21.56 0.02 DES 56271 21.66 0.02 DES 56278 21.66 0.02 DES
56291 21.85 0.07 DES 56306 21.77 0.03 DES 56322 21.70 0.07 DES 56325 21.83 0.05 DES
56328 21.81 0.03 DES 56536 21.42 0.03 DES 56543 21.37 0.02 DES 56547 21.31 0.02 DES
56563 21.26 0.01 DES 56567 21.26 0.02 DES 56575 21.21 0.01 DES 56579 21.27 0.04 DES
56592 21.13 0.02 DES 56602 21.11 0.01 DES 56609 21.10 0.03 DES 56616 20.99 0.04 DES
56625 20.99 0.01 DES 56629 21.01 0.02 DES 56636 21.01 0.02 DES 56645 21.01 0.03 DES
56649 20.96 0.02 DES 56653 20.97 0.02 DES 56660 20.93 0.01 DES 56669 20.97 0.03 DES
56676 20.97 0.02 DES 56683 21.01 0.02 DES 56690 21.00 0.01 DES 56697 20.98 0.03 DES
56890 20.95 0.02 DES 56903 20.90 0.01 DES 56923 20.95 0.02 DES 56927 20.94 0.01 DES
56932 20.97 0.01 DES 56933 20.98 0.01 DES 56953 20.98 0.02 DES 56956 21.00 0.01 DES
56960 21.01 0.02 DES 56963 20.94 0.03 DES 56973 20.98 0.01 DES 56980 20.98 0.01 DES
56987 20.97 0.01 DES 56990 20.98 0.02 DES 57001 21.08 0.03 DES 57005 21.02 0.02 DES
57012 21.05 0.01 DES 57018 20.99 0.02 DES 57019 21.04 0.03 DES 57026 21.13 0.06 DES
57033 21.03 0.01 DES 57040 21.02 0.01 DES 57045 21.00 0.02 DES 57052 21.03 0.04 DES
57249 21.41 0.02 DES 57253 21.42 0.02 DES 57258 21.40 0.02 DES 57276 21.35 0.02 DES
57283 21.37 0.02 DES 57287 21.32 0.02 DES 57299 21.31 0.04 DES 57303 21.30 0.02 DES
57304 21.27 0.04 DES 57305 21.26 0.03 DES 57312 21.31 0.02 DES 57318 21.40 0.06 DES
57327 21.34 0.02 DES 57331 21.33 0.02 DES 57339 21.39 0.02 DES 57345 21.39 0.02 DES
57355 21.43 0.05 DES 57365 21.41 0.01 DES 57372 21.44 0.02 DES 57385 21.47 0.01 DES
57394 21.47 0.02 DES 57401 21.44 0.02 DES 57615 21.59 0.05 DES 57626 21.47 0.02 DES
57633 21.50 0.02 DES 57637 21.43 0.02 DES 57643 21.49 0.05 DES 57653 21.47 0.03 DES
57666 21.52 0.02 DES 57671 21.57 0.03 DES 57681 21.68 0.06 DES 57686 21.52 0.03 DES
57687 21.58 0.03 DES 57688 21.64 0.02 DES 57695 21.65 0.03 DES 57702 21.79 0.05 DES
57710 21.66 0.02 DES 57715 21.64 0.03 DES 57716 21.64 0.04 DES 57717 21.63 0.02 DES
57721 21.68 0.03 DES 57725 21.59 0.02 DES 57739 21.63 0.02 DES 57746 21.63 0.01 DES
57756 21.63 0.03 DES 57770 21.62 0.02 DES 57778 21.52 0.03 DES 57782 21.57 0.03 DES
57986 21.48 0.02 DES 57991 21.48 0.04 DES 57996 21.47 0.04 DES 57999 21.50 0.06 DES
58010 21.43 0.02 DES 58015 21.39 0.02 DES 58021 21.38 0.02 DES 58028 21.25 0.06 DES
58036 21.32 0.04 DES 58040 21.28 0.02 DES 58045 21.28 0.02 DES 58052 21.26 0.01 DES
58055 21.28 0.02 DES 58057 21.28 0.03 DES 58071 21.31 0.01 DES 58076 21.31 0.02 DES
58082 21.34 0.02 DES 58094 21.31 0.01 DES 58100 21.28 0.02 DES 58108 21.29 0.01 DES
58113 21.28 0.02 DES 58123 21.30 0.02 DES 58130 21.26 0.03 DES 58137 21.27 0.03 DES
58372 21.23 0.01 DES 58409 21.27 0.03 DES 58431 21.27 0.02 DES 58453 21.26 0.01 DES
55803 21.48 0.19 PTF 55865 21.64 0.23 PTF 56163 21.45 0.17 PTF 55507 21.62 0.09 PS1
55860 21.25 0.10 PS1 55871 21.46 0.17 PS1 56214 21.37 0.13 PS1 56620 21.09 0.10 PS1
56630 21.22 0.12 PS1 58349 21.15 0.17 ZTF 58369 21.39 0.18 ZTF 58372 21.46 0.19 ZTF
58375 21.30 0.18 ZTF 58378 21.23 0.17 ZTF 58382 21.33 0.18 ZTF 58397 21.35 0.18 ZTF
58397 21.32 0.02 LCOGT 58406 21.29 0.03 LCOGT 58413 21.44 0.07 LCOGT 58418 21.14 0.07 LCOGT
58424 21.31 0.02 LCOGT 58430 21.30 0.04 LCOGT 58434 21.33 0.03 LCOGT 58441 20.82 0.07 LCOGT
58447 21.41 0.08 LCOGT 58451 21.28 0.06 LCOGT 58460 21.18 0.03 LCOGT 58475 21.55 0.16 LCOGT
58497 21.14 0.04 LCOGT
Table A1. Photometry data of J0252 in g-band. SDSS photometry data has been corrected, based on Eq 1, to match the DES system.
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mjd mag err survey mjd mag err survey mjd mag err survey mjd mag err survey
51075 20.64 0.04 SDSS 51818 21.06 0.05 SDSS 52171 20.76 0.05 SDSS 52173 20.83 0.06 SDSS
52224 20.74 0.04 SDSS 52234 20.75 0.05 SDSS 52261 20.77 0.04 SDSS 52283 20.62 0.07 SDSS
52287 20.73 0.04 SDSS 52552 20.96 0.05 SDSS 52557 20.86 0.05 SDSS 52908 20.85 0.04 SDSS
52912 20.91 0.05 SDSS 52934 20.87 0.07 SDSS 52936 20.72 0.04 SDSS 53270 20.84 0.04 SDSS
53272 20.84 0.05 SDSS 53286 20.84 0.05 SDSS 53288 20.85 0.05 SDSS 53296 20.87 0.07 SDSS
53298 20.83 0.05 SDSS 53302 20.88 0.06 SDSS 53312 20.89 0.09 SDSS 53314 21.03 0.07 SDSS
53319 20.84 0.07 SDSS 53616 20.82 0.05 SDSS 53626 20.82 0.07 SDSS 53628 20.77 0.08 SDSS
53635 20.77 0.07 SDSS 53639 20.84 0.05 SDSS 53641 20.76 0.05 SDSS 53657 20.63 0.08 SDSS
53663 20.72 0.07 SDSS 53665 20.73 0.06 SDSS 53666 20.72 0.06 SDSS 53668 20.78 0.07 SDSS
53669 20.80 0.06 SDSS 53670 20.79 0.06 SDSS 53673 20.71 0.04 SDSS 53675 20.68 0.06 SDSS
53677 20.80 0.04 SDSS 53680 20.75 0.04 SDSS 53683 21.05 0.06 SDSS 53686 20.90 0.09 SDSS
53687 20.68 0.24 SDSS 53693 20.64 0.09 SDSS 53699 20.73 0.05 SDSS 53704 20.72 0.06 SDSS
53989 20.83 0.10 SDSS 53997 20.91 0.05 SDSS 54000 20.90 0.05 SDSS 54007 20.90 0.05 SDSS
54009 20.94 0.04 SDSS 54011 20.92 0.04 SDSS 54012 20.93 0.06 SDSS 54025 20.91 0.07 SDSS
54029 20.91 0.06 SDSS 54031 20.81 0.04 SDSS 54036 20.82 0.08 SDSS 54039 20.92 0.05 SDSS
54041 20.86 0.10 SDSS 54048 20.91 0.09 SDSS 54052 20.86 0.10 SDSS 54055 20.92 0.06 SDSS
54058 21.00 0.07 SDSS 54060 20.86 0.06 SDSS 54065 21.17 0.31 SDSS 54346 21.06 0.10 SDSS
54348 21.14 0.07 SDSS 54365 21.17 0.05 SDSS 54381 21.13 0.05 SDSS 54384 21.16 0.10 SDSS
54386 21.04 0.05 SDSS 54392 21.13 0.06 SDSS 54393 20.99 0.09 SDSS 54404 21.15 2.09 SDSS
54406 21.16 0.05 SDSS 54409 21.09 0.05 SDSS 54412 21.05 0.06 SDSS 54416 21.14 0.05 SDSS
54421 21.09 0.08 SDSS 54423 21.21 0.07 SDSS 54433 21.17 0.15 SDSS 56264 21.02 0.01 DES
56266 20.99 0.03 DES 56271 21.02 0.02 DES 56278 21.06 0.01 DES 56291 21.10 0.03 DES
56296 21.06 0.02 DES 56306 21.09 0.02 DES 56322 21.11 0.04 DES 56325 21.13 0.03 DES
56328 21.09 0.02 DES 56536 20.96 0.05 DES 56537 20.88 0.02 DES 56543 20.84 0.01 DES
56547 20.83 0.01 DES 56563 20.77 0.01 DES 56575 20.76 0.01 DES 56579 20.72 0.02 DES
56590 20.72 0.03 DES 56594 20.68 0.02 DES 56602 20.66 0.01 DES 56609 20.61 0.02 DES
56625 20.62 0.01 DES 56629 20.63 0.01 DES 56636 20.60 0.01 DES 56645 20.60 0.02 DES
56649 20.58 0.01 DES 56653 20.59 0.01 DES 56660 20.57 0.01 DES 56669 20.60 0.02 DES
56676 20.60 0.01 DES 56683 20.58 0.02 DES 56690 20.61 0.01 DES 56697 20.59 0.02 DES
56890 20.59 0.02 DES 56903 20.55 0.02 DES 56923 20.57 0.01 DES 56927 20.55 0.01 DES
56931 20.59 0.01 DES 56932 20.60 0.01 DES 56953 20.61 0.02 DES 56956 20.61 0.01 DES
56960 20.60 0.02 DES 56963 20.58 0.02 DES 56973 20.59 0.01 DES 56980 20.60 0.01 DES
56987 20.61 0.01 DES 56990 20.60 0.01 DES 57001 20.65 0.02 DES 57005 20.64 0.02 DES
57012 20.62 0.01 DES 57019 20.63 0.02 DES 57026 20.67 0.03 DES 57033 20.61 0.01 DES
57040 20.63 0.01 DES 57045 20.62 0.01 DES 57052 20.66 0.02 DES 57249 20.88 0.02 DES
57253 20.86 0.01 DES 57258 20.87 0.01 DES 57276 20.84 0.02 DES 57283 20.86 0.01 DES
57287 20.82 0.02 DES 57299 20.79 0.03 DES 57303 20.79 0.02 DES 57304 20.82 0.03 DES
57305 20.78 0.02 DES 57312 20.82 0.02 DES 57318 20.78 0.03 DES 57325 20.85 0.03 DES
57327 20.83 0.01 DES 57331 20.83 0.01 DES 57339 20.83 0.01 DES 57345 20.85 0.02 DES
57355 20.83 0.02 DES 57365 20.87 0.01 DES 57372 20.89 0.01 DES 57385 20.90 0.01 DES
57394 20.90 0.01 DES 57401 20.90 0.01 DES 57408 20.86 0.03 DES 57615 20.96 0.03 DES
57626 20.93 0.02 DES 57633 20.92 0.02 DES 57637 20.97 0.02 DES 57643 20.93 0.03 DES
57645 20.97 0.04 DES 57653 20.91 0.02 DES 57660 20.95 0.01 DES 57666 20.93 0.02 DES
57671 20.94 0.01 DES 57681 20.95 0.03 DES 57686 21.00 0.03 DES 57687 21.00 0.03 DES
57688 21.03 0.02 DES 57695 20.99 0.02 DES 57702 21.03 0.02 DES 57709 20.98 0.03 DES
57710 20.99 0.01 DES 57715 20.98 0.02 DES 57717 21.01 0.02 DES 57721 21.00 0.02 DES
57725 21.02 0.01 DES 57739 21.01 0.01 DES 57746 21.03 0.01 DES 57750 21.02 0.02 DES
57756 21.00 0.02 DES 57770 21.02 0.01 DES 57778 21.01 0.02 DES 57782 20.97 0.02 DES
57986 20.92 0.02 DES 57991 20.97 0.02 DES 57996 20.92 0.06 DES 57999 20.93 0.03 DES
58010 20.89 0.01 DES 58015 20.84 0.02 DES 58021 20.87 0.02 DES 58028 20.86 0.03 DES
58036 20.83 0.02 DES 58040 20.78 0.01 DES 58045 20.80 0.01 DES 58052 20.79 0.01 DES
58057 20.83 0.02 DES 58064 20.86 0.02 DES 58071 20.81 0.01 DES 58076 20.85 0.01 DES
58082 20.83 0.02 DES 58092 20.90 0.03 DES 58094 20.81 0.01 DES 58100 20.81 0.03 DES
58108 20.80 0.01 DES 58113 20.81 0.01 DES 58123 20.79 0.01 DES 58130 20.78 0.02 DES
58137 20.75 0.02 DES 58372 20.78 0.01 DES 58401 20.80 0.07 DES 58409 20.78 0.02 DES
58431 20.80 0.01 DES 58451 20.81 0.01 DES 58453 20.82 0.01 DES 55061 21.16 0.19 PTF
55063 21.07 0.21 PTF 55069 20.80 0.16 PTF 55087 21.09 0.26 PTF 55093 20.93 0.14 PTF
55095 20.82 0.16 PTF 55207 21.02 0.15 PTF 55422 20.71 0.18 PTF 55427 20.66 0.21 PTF
55441 20.74 0.19 PTF 55445 21.20 0.18 PTF 55446 21.01 0.22 PTF 55453 20.81 0.24 PTF
55456 20.57 0.12 PTF 55457 20.82 0.21 PTF 55458 20.80 0.20 PTF 55482 21.11 0.22 PTF
55483 20.77 0.21 PTF 55584 21.05 0.19 PTF 55780 20.99 0.17 PTF 55782 20.91 0.15 PTF
56135 20.88 0.19 PTF 56136 21.16 0.17 PTF 56138 20.39 0.17 PTF 56537 20.77 0.13 PTF
56538 20.70 0.31 PTF 56576 20.58 0.16 PTF 56600 20.62 0.15 PTF 55500 21.10 0.10 PS1
56206 20.87 0.09 PS1 56620 20.67 0.09 PS1 56677 20.62 0.09 PS1 58319 20.57 0.16 ZTF
58346 20.62 0.16 ZTF 58349 20.51 0.15 ZTF 58352 20.64 0.16 ZTF 58366 20.66 0.16 ZTF
58369 20.90 0.18 ZTF 58372 20.75 0.17 ZTF 58378 20.71 0.17 ZTF 58382 20.35 0.14 ZTF
58397 20.54 0.16 ZTF 58425 20.60 0.16 ZTF 58428 20.54 0.16 ZTF 58437 20.56 0.16 ZTF
58456 20.62 0.16 ZTF 58397 20.70 0.04 LCOGT 58406 20.78 0.03 LCOGT 58413 20.71 0.07 LCOGT
58418 20.62 0.06 LCOGT 58424 20.74 0.03 LCOGT 58430 20.80 0.07 LCOGT 58434 20.70 0.04 LCOGT
58447 20.85 0.08 LCOGT 58451 20.75 0.04 LCOGT 58460 20.67 0.04 LCOGT 58475 20.75 0.09 LCOGT
58497 20.67 0.03 LCOGT
Table A2. Photometry data of J0252 in r/R-band. SDSS photometry data has been corrected, based on Eq 1, to match the DES system.
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51075 20.49 0.05 SDSS 52171 20.56 0.04 SDSS 52173 20.64 0.06 SDSS 52224 20.66 0.05 SDSS
52234 20.64 0.05 SDSS 52261 20.70 0.04 SDSS 52283 20.71 0.08 SDSS 52287 20.61 0.04 SDSS
52552 20.71 0.05 SDSS 52557 20.62 0.05 SDSS 52908 20.69 0.05 SDSS 52912 20.72 0.05 SDSS
52934 20.69 0.05 SDSS 52936 20.60 0.04 SDSS 53270 20.72 0.04 SDSS 53272 20.66 0.05 SDSS
53286 20.66 0.05 SDSS 53288 20.73 0.05 SDSS 53296 20.79 0.07 SDSS 53298 20.76 0.05 SDSS
53302 20.77 0.06 SDSS 53312 20.84 0.10 SDSS 53314 20.89 0.08 SDSS 53319 20.74 0.07 SDSS
53616 20.72 0.05 SDSS 53626 20.71 0.08 SDSS 53628 20.63 0.07 SDSS 53635 20.50 0.05 SDSS
53639 20.63 0.05 SDSS 53641 20.61 0.05 SDSS 53657 20.59 0.10 SDSS 53663 20.56 0.06 SDSS
53665 20.66 0.05 SDSS 53666 20.59 0.05 SDSS 53668 20.58 0.07 SDSS 53669 20.67 0.06 SDSS
53670 20.62 0.06 SDSS 53673 20.65 0.04 SDSS 53675 20.57 0.05 SDSS 53677 20.55 0.04 SDSS
53680 20.70 0.04 SDSS 53686 20.63 0.07 SDSS 53687 20.52 0.16 SDSS 53693 20.49 0.07 SDSS
53699 20.68 0.05 SDSS 53704 20.62 0.06 SDSS 53989 20.75 0.07 SDSS 53997 20.69 0.04 SDSS
54000 20.87 0.08 SDSS 54007 20.77 0.05 SDSS 54009 20.78 0.04 SDSS 54011 20.73 0.04 SDSS
54012 20.75 0.06 SDSS 54025 20.63 0.06 SDSS 54029 20.55 0.05 SDSS 54031 20.74 0.05 SDSS
54036 20.78 0.09 SDSS 54039 20.80 0.05 SDSS 54041 20.74 0.07 SDSS 54048 20.69 0.06 SDSS
54052 20.59 0.08 SDSS 54055 20.67 0.06 SDSS 54058 20.79 0.07 SDSS 54060 20.77 0.06 SDSS
54346 20.68 0.06 SDSS 54348 20.91 0.07 SDSS 54365 21.01 0.06 SDSS 54381 20.81 0.05 SDSS
54384 20.77 0.12 SDSS 54386 20.99 0.05 SDSS 54392 20.96 0.06 SDSS 54393 20.95 0.07 SDSS
54403 20.77 0.12 SDSS 54404 21.27 0.28 SDSS 54406 20.79 0.04 SDSS 54409 20.96 0.05 SDSS
54412 20.94 0.06 SDSS 54416 20.95 0.05 SDSS 54421 20.84 0.08 SDSS 54423 20.87 0.06 SDSS
54433 20.82 0.12 SDSS 56264 20.86 0.02 DES 56266 20.81 0.03 DES 56271 20.88 0.02 DES
56278 20.90 0.02 DES 56285 21.04 0.04 DES 56291 20.93 0.03 DES 56296 20.94 0.03 DES
56306 20.94 0.03 DES 56322 20.92 0.03 DES 56325 20.99 0.04 DES 56328 20.95 0.02 DES
56335 20.97 0.04 DES 56536 20.76 0.04 DES 56543 20.73 0.01 DES 56547 20.71 0.01 DES
56563 20.65 0.01 DES 56567 20.62 0.01 DES 56575 20.62 0.01 DES 56579 20.58 0.02 DES
56590 20.60 0.03 DES 56594 20.56 0.02 DES 56602 20.53 0.01 DES 56609 20.50 0.02 DES
56619 20.48 0.02 DES 56625 20.51 0.01 DES 56629 20.51 0.02 DES 56636 20.47 0.01 DES
56645 20.45 0.01 DES 56649 20.44 0.01 DES 56653 20.46 0.02 DES 56660 20.45 0.01 DES
56669 20.49 0.02 DES 56676 20.46 0.01 DES 56683 20.49 0.02 DES 56690 20.45 0.01 DES
56697 20.47 0.01 DES 56888 20.41 0.01 DES 56890 20.44 0.02 DES 56903 20.44 0.02 DES
56923 20.43 0.02 DES 56927 20.44 0.01 DES 56932 20.44 0.01 DES 56956 20.46 0.01 DES
56963 20.50 0.02 DES 56973 20.45 0.01 DES 56980 20.44 0.01 DES 56987 20.47 0.01 DES
56990 20.48 0.01 DES 57001 20.47 0.01 DES 57005 20.46 0.02 DES 57012 20.47 0.01 DES
57019 20.51 0.02 DES 57026 20.50 0.02 DES 57033 20.52 0.01 DES 57040 20.46 0.01 DES
57045 20.45 0.02 DES 57052 20.49 0.02 DES 57249 20.69 0.01 DES 57253 20.70 0.01 DES
57258 20.71 0.01 DES 57276 20.73 0.02 DES 57283 20.68 0.01 DES 57287 20.70 0.02 DES
57299 20.58 0.03 DES 57303 20.66 0.02 DES 57304 20.62 0.03 DES 57305 20.63 0.02 DES
57312 20.67 0.03 DES 57318 20.62 0.02 DES 57325 20.69 0.02 DES 57327 20.66 0.01 DES
57331 20.67 0.02 DES 57339 20.71 0.02 DES 57345 20.70 0.02 DES 57355 20.69 0.02 DES
57365 20.71 0.01 DES 57372 20.71 0.01 DES 57385 20.74 0.01 DES 57394 20.78 0.02 DES
57401 20.74 0.01 DES 57408 20.72 0.03 DES 57615 20.85 0.03 DES 57626 20.80 0.02 DES
57633 20.82 0.02 DES 57637 20.80 0.02 DES 57643 20.79 0.02 DES 57645 20.81 0.03 DES
57660 20.79 0.02 DES 57666 20.82 0.02 DES 57671 20.82 0.01 DES 57681 20.86 0.02 DES
57686 20.87 0.03 DES 57687 20.93 0.04 DES 57688 20.86 0.02 DES 57695 20.87 0.02 DES
57702 20.89 0.02 DES 57709 20.88 0.02 DES 57710 20.87 0.02 DES 57711 20.87 0.07 DES
57715 20.85 0.03 DES 57717 20.87 0.01 DES 57721 20.87 0.03 DES 57722 20.89 0.02 DES
57725 20.89 0.01 DES 57739 20.82 0.01 DES 57746 20.88 0.01 DES 57750 20.91 0.02 DES
57756 20.88 0.02 DES 57770 20.89 0.01 DES 57778 20.86 0.03 DES 57782 20.85 0.02 DES
57986 20.78 0.02 DES 57991 20.80 0.06 DES 57996 20.66 0.07 DES 57997 20.85 0.04 DES
57999 20.81 0.03 DES 58010 20.76 0.01 DES 58015 20.75 0.02 DES 58021 20.75 0.02 DES
58028 20.72 0.03 DES 58036 20.69 0.02 DES 58040 20.70 0.01 DES 58045 20.66 0.01 DES
58052 20.69 0.01 DES 58057 20.72 0.02 DES 58064 20.68 0.02 DES 58076 20.69 0.02 DES
58082 20.70 0.02 DES 58092 20.72 0.03 DES 58094 20.67 0.01 DES 58100 20.66 0.04 DES
58108 20.67 0.01 DES 58113 20.68 0.01 DES 58123 20.66 0.01 DES 58130 20.65 0.02 DES
58137 20.64 0.01 DES 58372 20.68 0.02 DES 58401 20.40 0.12 DES 58431 20.66 0.02 DES
58448 20.69 0.02 DES 58453 20.67 0.01 DES 55516 20.83 0.08 PS1 55853 20.67 0.07 PS1
55871 20.93 0.19 PS1 56206 20.75 0.07 PS1 56619 20.43 0.06 PS1 56637 20.37 0.08 PS1
56916 20.44 0.06 PS1 56918 20.77 0.09 PS1 58397 20.63 0.04 LCOGT 58406 20.54 0.03 LCOGT
58413 20.75 0.06 LCOGT 58418 20.60 0.05 LCOGT 58424 20.58 0.03 LCOGT 58430 20.54 0.05 LCOGT
58434 20.59 0.04 LCOGT 58441 20.65 0.11 LCOGT 58447 20.47 0.05 LCOGT 58451 20.64 0.04 LCOGT
58460 20.70 0.06 LCOGT 58475 20.56 0.06 LCOGT 58497 20.58 0.05 LCOGT
Table A3. Photometry data of J0252 in i-band. SDSS photometry data has been corrected, based on Eq 1, to match the DES system.
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Periodic Quasar from Circumbinary Accretion 21
mjd mag err survey mjd mag err survey mjd mag err survey mjd mag err survey
51075 20.19 0.16 SDSS 51818 20.56 0.16 SDSS 52171 20.68 0.17 SDSS 52173 20.55 0.21 SDSS
52224 20.82 0.18 SDSS 52234 20.53 0.17 SDSS 52261 20.53 0.12 SDSS 52283 20.30 0.20 SDSS
52287 20.43 0.14 SDSS 52552 20.61 0.16 SDSS 52557 20.90 0.24 SDSS 52908 20.65 0.17 SDSS
52912 21.13 0.22 SDSS 52934 20.52 0.18 SDSS 52936 20.48 0.14 SDSS 53270 20.68 0.15 SDSS
53272 20.44 0.13 SDSS 53286 20.62 0.17 SDSS 53288 20.59 0.16 SDSS 53296 20.37 0.15 SDSS
53298 20.78 0.22 SDSS 53302 20.52 0.14 SDSS 53312 20.28 0.19 SDSS 53314 20.62 0.21 SDSS
53319 20.27 0.16 SDSS 53616 20.43 0.15 SDSS 53626 20.54 0.19 SDSS 53628 20.50 0.19 SDSS
53635 20.66 0.15 SDSS 53639 20.70 0.16 SDSS 53641 20.48 0.15 SDSS 53657 20.72 0.26 SDSS
53663 20.57 0.18 SDSS 53665 20.61 0.16 SDSS 53666 20.32 0.14 SDSS 53668 20.96 0.32 SDSS
53669 20.13 0.14 SDSS 53670 20.64 0.18 SDSS 53673 20.54 0.13 SDSS 53675 20.31 0.14 SDSS
53677 20.59 0.12 SDSS 53680 20.52 0.15 SDSS 53683 21.34 0.41 SDSS 53686 20.35 0.16 SDSS
53687 19.93 0.27 SDSS 53693 20.56 0.24 SDSS 53699 20.86 0.19 SDSS 53704 20.45 0.23 SDSS
53989 20.57 0.15 SDSS 53997 20.72 0.14 SDSS 54000 20.03 0.27 SDSS 54007 20.77 0.20 SDSS
54009 20.73 0.13 SDSS 54011 20.49 0.12 SDSS 54012 20.67 0.21 SDSS 54025 20.55 0.19 SDSS
54029 20.78 0.23 SDSS 54031 20.87 0.20 SDSS 54036 20.55 0.25 SDSS 54039 20.69 0.18 SDSS
54041 20.70 0.21 SDSS 54048 20.41 0.14 SDSS 54052 21.02 0.42 SDSS 54055 20.59 0.19 SDSS
54058 21.48 0.50 SDSS 54060 20.31 0.14 SDSS 54065 21.63 1.72 SDSS 54346 20.96 0.21 SDSS
54348 20.63 0.16 SDSS 54365 21.27 0.27 SDSS 54381 20.88 0.21 SDSS 54384 20.75 0.29 SDSS
54386 20.79 0.17 SDSS 54392 20.71 0.19 SDSS 54393 20.36 0.18 SDSS 54403 21.41 0.39 SDSS
54404 21.48 0.41 SDSS 54406 21.02 0.16 SDSS 54409 21.06 0.23 SDSS 54412 20.41 0.18 SDSS
54416 21.22 0.23 SDSS 54421 20.76 0.28 SDSS 54423 21.00 0.23 SDSS 54433 21.03 0.57 SDSS
56264 20.80 0.03 DES 56266 20.79 0.05 DES 56271 20.81 0.04 DES 56278 20.85 0.03 DES
56285 20.76 0.04 DES 56291 20.83 0.04 DES 56296 20.91 0.05 DES 56306 20.83 0.05 DES
56322 20.93 0.04 DES 56325 20.85 0.05 DES 56328 20.91 0.03 DES 56536 20.84 0.14 DES
56543 20.66 0.02 DES 56547 20.65 0.02 DES 56563 20.62 0.02 DES 56567 20.57 0.02 DES
56575 20.55 0.02 DES 56579 20.56 0.03 DES 56590 20.53 0.04 DES 56594 20.52 0.03 DES
56602 20.48 0.02 DES 56606 20.60 0.06 DES 56609 20.44 0.03 DES 56616 20.33 0.06 DES
56619 20.48 0.02 DES 56625 20.42 0.02 DES 56629 20.42 0.03 DES 56636 20.43 0.02 DES
56645 20.42 0.02 DES 56647 20.43 0.03 DES 56649 20.40 0.02 DES 56653 20.38 0.03 DES
56660 20.40 0.02 DES 56669 20.40 0.02 DES 56676 20.42 0.02 DES 56683 20.38 0.02 DES
56690 20.42 0.02 DES 56697 20.40 0.02 DES 56890 20.44 0.04 DES 56903 20.32 0.03 DES
56923 20.35 0.02 DES 56927 20.36 0.02 DES 56932 20.38 0.02 DES 56943 20.38 0.01 DES
56956 20.41 0.01 DES 56960 20.37 0.05 DES 56963 20.48 0.04 DES 56973 20.38 0.01 DES
56980 20.39 0.02 DES 56987 20.39 0.02 DES 56990 20.40 0.02 DES 57001 20.41 0.02 DES
57005 20.42 0.03 DES 57012 20.38 0.02 DES 57018 20.45 0.05 DES 57019 20.44 0.03 DES
57026 20.45 0.03 DES 57033 20.43 0.02 DES 57040 20.41 0.02 DES 57045 20.42 0.03 DES
57052 20.43 0.02 DES 57249 20.64 0.03 DES 57253 20.62 0.02 DES 57258 20.62 0.02 DES
57276 20.63 0.03 DES 57283 20.60 0.02 DES 57287 20.60 0.03 DES 57299 20.54 0.07 DES
57303 20.57 0.04 DES 57304 20.67 0.06 DES 57305 20.59 0.02 DES 57312 20.60 0.04 DES
57318 20.59 0.04 DES 57325 20.60 0.03 DES 57327 20.59 0.02 DES 57331 20.61 0.02 DES
57339 20.61 0.02 DES 57345 20.61 0.03 DES 57355 20.63 0.03 DES 57365 20.63 0.01 DES
57372 20.63 0.02 DES 57385 20.69 0.02 DES 57394 20.67 0.03 DES 57401 20.66 0.02 DES
57408 20.61 0.04 DES 57615 20.77 0.06 DES 57626 20.71 0.03 DES 57633 20.76 0.03 DES
57637 20.74 0.03 DES 57643 20.74 0.03 DES 57645 20.71 0.04 DES 57653 20.74 0.02 DES
57660 20.71 0.02 DES 57666 20.71 0.03 DES 57671 20.76 0.02 DES 57681 20.76 0.03 DES
57686 20.79 0.07 DES 57687 20.73 0.06 DES 57688 20.80 0.03 DES 57695 20.79 0.03 DES
57702 20.81 0.03 DES 57709 20.79 0.03 DES 57710 20.81 0.03 DES 57715 20.80 0.05 DES
57716 20.77 0.06 DES 57717 20.80 0.02 DES 57721 20.78 0.05 DES 57725 20.79 0.02 DES
57739 20.77 0.03 DES 57746 20.82 0.02 DES 57750 20.79 0.03 DES 57756 20.77 0.03 DES
57770 20.85 0.02 DES 57778 20.80 0.04 DES 57782 20.75 0.03 DES 57986 20.76 0.03 DES
57991 20.83 0.08 DES 57996 20.80 0.09 DES 57999 20.72 0.03 DES 58004 20.71 0.08 DES
58010 20.71 0.02 DES 58015 20.73 0.03 DES 58021 20.66 0.02 DES 58028 20.63 0.04 DES
58036 20.65 0.02 DES 58040 20.62 0.02 DES 58045 20.62 0.02 DES 58052 20.65 0.02 DES
58057 20.60 0.02 DES 58058 20.63 0.03 DES 58064 20.62 0.02 DES 58071 20.63 0.02 DES
58076 20.61 0.03 DES 58082 20.67 0.03 DES 58092 20.66 0.04 DES 58094 20.61 0.02 DES
58100 20.67 0.05 DES 58108 20.63 0.02 DES 58113 20.60 0.02 DES 58123 20.61 0.02 DES
58130 20.58 0.05 DES 58137 20.57 0.02 DES 58419 20.63 0.04 DES 55585 20.45 0.18 PS1
55797 20.81 0.13 PS1 55937 20.57 0.10 PS1 56156 20.54 0.13 PS1 56526 20.72 0.11 PS1
56544 20.45 0.14 PS1
Table A4. Photometry data of J0252 in z-band. SDSS photometry data has been corrected, based on Eq 1, to match the DES system.
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